Technological deployment of organic photovoltaic modules requires improvements in device light-conversion efficiency and stability while keeping material costs low. Here we demonstrate highly efficient and stable solar cells using a ternary approach, wherein two non-fullerene acceptors are combined with both a scalable and affordable donor polymer, poly(3-hexylthiophene) (P3HT), and a high efficiency, low band-gap polymer in a single-layer bulk-heterojunction devices. The addition of a strongly absorbing small molecule acceptor into a P3HT-based non-fullerene blend increases the device efficiency up to 7.7 ± 0.1% without any solvent additives. The improvement is assigned to changes in microstructure that reduces charge recombination and increases the photovoltage, and to improved light harvesting across the visible region. The stability of P3HT-based devices in ambient conditions is also significantly improved relative to polymer:fullerene devices. Combined with a low band gap donor polymer (PBDTTT-EFT, also known as PCE10), the two mixed acceptors also lead to solar cells with 11.0 ± 0.4% efficiency and a high open-circuit voltage of 1.03 ± 0.01V.
>10% PCEs in binary BHJ devices with low bandgap donor polymers; 33 however, their potential in multi-component junctions has not yet been explored.
Here, we demonstrate highly efficient solar cells by both combining P3HT with two NFAs in a ternary blend, as well as extending this approach to utilise a high efficiency low bandgap polymer PCE10, in place of P3HT. Through optimizing the acceptor phase loading ratio in a D:A1:A2 blend, and molecular packing with respect to the binary blend, we demonstrate a concurrent improvement in Jsc, Voc and FF resulting in a PCE of 7.7± 0.1% % for P3HT cells. These improvements motivated using the D:A1:A2 concept with a high performing PCE10, which yields 11.0 ± 0.4% efficiency in single layer ternary devices.
Although these high efficiency devices outperform the P3HT devices, the ease of synthesis of the NFAs and P3HT blend, relative to typical low band gap polymer: PC70BM combinations, has the potential to greatly benefit the effective cost of solar energy production.
Characterization of neat materials and blends
Previously, we have shown that a NFA containing an indacenodithiophene core flanked with benzothiadiazole and rhodanine groups, named IDTBR (A1), can deliver 6.4% PCE in a solar cell device when combined with P3HT (D), which is the highest P3HT:NFA performance reported. 11 In order to further boost the efficiency of P3HT devices, we include three different NFAs as third components (A2) in a P3HT:IDTBR blend (see Figure 1 ). In this instance, A2 is either i) the fluorene-core analogue of IDTBR (FBR), 12 ii) a new indenofluorene analogue of IDTBR called IDFBR (see Supporting Information), 12, 34 (Table S1 ). The UV-vis absorption spectra of binary and ternary blend films show interesting phenomena upon annealing at 130°C for 10 min.
The absorption spectrum of the P3HT:IDTBR film exhibits a significant red-shift of about 40 nm in the low energy peak upon annealing, which is ascribed to a high degree of aggregation of IDTBR in the film. However, there is no observed shift upon annealing of any of the ternary P3HT:IDTBR:A2 blends, indicating that the aggregation of IDTBR is suppressed in the ternary blend ( Figure S1b ).
Morphology picture of the ternary blends
In order to elucidate the role of the A2 in the ternary blends we carried out differential scanning calorimetry (DSC) and in-situ grazing incidence wide angle X-ray scattering (GIWAXS) measurements during spin coating of P3HT:IDTBR:A2 ternary films from chlorobenzene solution (Higher resolution diffraction patterns were collected ex situ, as discussed below). The relative degree of crystallinity of the donor for each ternary blend was calculated by fitting the GIWAXS spectra ( Figure S2a ). [35] [36] [37] In situ GIWAXS measurements suggest that, in all ternary blends, P3HT crystallization appears at the very end of solvent evaporation, as characterized by a sharp increase in scattering intensity associated with P3HT lamellar stacking and a sharp decrease in solvent scattering intensity (Figures S2a and S2b). 35, 38 The unperturbed P3HT crystallization can be understood by the fact that P3HT reaches supersaturation in solution and starts to crystallize earlier than all of the other components, which is further supported by in-situ UV-vis absorption measurements performed during spin coating ( Figure S3 ). 38 GIWAXS measurements performed on as-cast and thermally annealed (130C) films are also summarized in Figures S2c and S2d, respectively. The crystalline correlation length (CCL) and the relative crystallinity of the P3HT phase for each of the ternary blends have been calculated in Table S2 . 39 The as-cast P3HT:IDTBR:60PCBM blend exhibits the lowest P3HT crystallinity and CCL (corresponding to the smallest crystallite size). P3HT:IDTBR:IDFBR exhibits the highest relative crystallinity amongst ternary films, indicating more pronounced polymer:small molecule phase separation for both the as-cast and annealed films. DSC profiles of P3HT, IDTBR and IDFBR in the neat, binary and the best performing P3HT:IDTBR:IDFBR ternary blend are presented in Figure 2a . The heat flow profiles reveal that both the IDFBR and IDTBR binary blends with P3HT exhibits broad endothermic transitions at temperatures above 200 °C, attributed to a P3HT crystalline phase melt. In comparison to the pristine P3HT, the melting transition of P3HT is broadened and suppressed in all blends, most significantly in the P3HT:IDFBR blend (factor of 5). In the P3HT:IDTBR blend, the P3HT melting endotherm is prominent, although its peak has still been slightly depressed and broadened, and there is a minimal reduction in melting enthalpy. In the ternary blend film, the P3HT crystalline phase still persists, with a broad melt endotherm. The comparison of the binaries indicates that both of the small molecule species can diffuse into the P3HT phase, with IDFBR doing so to a greater extent, leading to more extensive disorder in the polymer, in agreement with in situ GIWAXS observations of P3HT crystallization in such blends ( Figure S2 ). The IDTBR crystalline transition in the ternary blend exhibits a melting point depression and lower enthalpy in comparison to the IDTBR binary film, indicating that the IDFBR has been able to also diffuse into the IDTBR phase. No evidence of any IDFBR thermal transitions is present in the ternary. The cooling scan ( Figure   S4a ) shows a strongly super-cooled crystallisation of P3HT, but no small-molecule crystallisation. The ternary film, therefore, can be described as having three partially miscible components, comprising a crystalline P3HT phase, which also hosts a molecular dispersion of IDFBR molecules, as well as an IDTBR-rich crystalline phase that also contains IDFBR. High resolution 2D GIWAXS patterns of P3HT:IDTBR:IDFBR ternary blend were studied to understand the role of IDFBR in the optimized ternary blend ( Figure S4b ). The change in the intensity of the (300) peak of IDTBR (Qz ≈0.61 Å Å -1 ) is plotted in Figure 2b Figure   2c ). Above 30% IDFBR addition, the intensity of the IDTBR crystalline peak drops sharply, essentially reducing to noise for all IDFBR compositions up to 70% ( Figure S4d and 4e) .
Hence, it appears that IDFBR dissolves in the P3HT and as its weight fraction is increased, it vitrifies the remaining IDTBR. This makes the acceptor phase a disordered solid solution of the two molecules, while the crystalline order of the polymer appears to be mostly unperturbed.
Photovoltaic device characterization
The photovoltaic parameters for D:A1 and D:A1:A2 devices are summarized in Table 1 . (Table S5 ). The substitution of IDFBR with either 60PCBM or FBR as A2 gave significantly inferior results compared to the P3HT:IDTBR:IDFBR device performance, which is further detailed in the supplementary information. PBDTTT-EFT (PCE10) has recently attracted attention in polymer:NFA solar cells due to its high efficiency with fullerene derivatives and its absorption in the low energy region in the spectrum. 32 In order to validate that using two NFAs can yield state of the art photovoltaic performances, we used a low band gap polymer PCE10 with the same NFA acceptors in ternary solar cells.
The un-optimized preliminary results showed that a PCE of 11.0 ± 0.4% is achievable with a Voc of 1.03 V, a high Jsc of 17.3 mA/cm 2 and a decent FF of 0.61 using 1:0.5:0.5 PCE10:IDTBR:IDFBR ratio without the need for any processing additive or heat treatment (Table 1) . These results showed that the potential of high performing polymers such as PCE10 can be boosted with A1:A2 approach using NFAs.
External quantum efficiency (EQE) spectra of binary P3HT:IDTBR and P3HT:IDFBR devices and the best ternary P3HT:IDTBR:IDFBR (1:0.7:0.3) and PCE10:IDTBR:IDFBR (1:0.5:0.5) devices are shown in Figure 3b . Relative to the maximum P3HT:IDTBR EQE of 55% (λmax at 500 nm), the maximum EQE of the P3HT:IDTBR:IDFBR blend shows a substantial increase up to 70% in the 400-700 nm region, which explains the integrated photocurrent enhancement in the EQE for P3HT:IDTBR:IDFBR device. The high photocurrent of the PCE10:IDTBR:IDFBR ternary cells is confirmed with EQE measurements where the photoconversion >70% is observed between 500-700 nm reaching a maximum of 85% around 700 nm. The integrated photocurrent from the EQE spectrum of PCE10 ternary solar cells is consistent with the device Jsc values confirming the very high photocurrent generation in the ternary devices. In all cases, the increased maximum EQE can be explained by improved light harvesting in the region where both polymer and A2 absorb. However, the reduced EQE values beyond 500 nm, due to the low absorption strength of 60PCBM and, to some extent, of FBR, limits the Jsc from these ternary blends compared to the P3HT:IDTBR device ( Figure   S6c ).
Charge transport and recombination
In order to explain the simultaneous increase in Voc, Jsc and FF in the P3HT:IDTBR:IDFBTR device compared to P3HT:IDTBR, we performed charge extraction (CE), transient photo-voltage (TPV) (at Voc) and space-charge-limited current (SCLC) measurements. 22, 40 These measurements, in combination with sensitive EQE (where a lockin is used to increase the signal/noise ratio) and electroluminescence (EL), 41 This increased electronic band gap for the ternary blend is likely to be the primary reason for the increased voltage output of ternary device (Table 1) . 40 The trend in Voc for the P3HT:IDTBR:IDFBR blend with IDFBR fraction can further be analysed using the EQE spectra of ternary compositions. The low energy onset of EQE in these systems is dominated by photo-generation in the acceptor and the EQE trend therefore indicates the shift in acceptor optical gap with composition ( Figure S7 ). The broadening optical gap, resulting from inhibition of aggregation in the IDTBR will result partly from an upward shift in acceptor EA (note that the CV data presented in Figure 1 were for a pristine, and therefore crystalline, thin film of IDTBR) and should indicate the trend in Voc. [41] [42] [43] The carrier lifetime of P3HT:IDTBR:IDFBR (1:0.7:0.3) was measured using TPV to be 17 µs (at 1 sun), which is two to three times longer than that measured for P3HT:IDTBR (6.5 µs) (Figure 4c ). As discussed above, IDFBR exhibits a higher-lying EA than IDTBR and is more miscible with P3HT, such that IDFBR is likely to accumulate in the mixed regions around the P3HT. The P3HT:IDFBR interface presents an energetic barrier to charge recombination of electrons in the (amorphous or crystalline) IDTBR with P3HT holes (i.e.: a three component redox cascade). Whilst such a cascade is also likely to exist in the mixed phase of the binary system, the higher lying LUMO of IDFBR compared to amorphous IDTBR will enhance the cascade effect in the ternary. This increased lifetime is likely to contribute a further 30-40 mV increase for the Voc of ternary P3HT:IDTBR:IDFBR device. 44 A second reason for extended charge carrier lifetime in the ternary blend is the increased degree of electron trapping, evident from the SCLC measurements ( Figure S8 ). The presence of traps in the binary is supported by the vitrification of the IDTBR crystallinity into an amorphous solid at 1:0.7:0.3 ratio ( Figure S4 ). In an amorphous material, a small amount of a crystalline phase will act as trap sites. 45 
Operational stability and energy return on investment
In order to be compatible with manufacturing processes, a solar cell device should be comprised of scalable materials as well fabricated by easy processing without solvent additives which has been shown to be detrimental to stability. 47 In addition, the devices need to exhibit ambient-stability during fabrication as well as during operation. We tested the ambient stability of our ternary and binary devices and compared these results with a range of high efficiency low band gap polymer:fullerene solar cells, fabricated (in air) using commercially available polymers. Devices were stored at room temperature, under both dark ( Figure 5 ) and light (1 sun) conditions ( Figure S9) ). After 1200 h in air and under dark conditions, the ternary P3HT:IDTBR:IDFBR (1:0.7:0.3) device retains 80% of its PCE (6.1%), while P3HT:IDTBR performance retained 70% (4.3%). However, all of the low band gap polymer:fullerene blends were no longer operational after only 800 h in air ( Figure S9 ). In addition, we exposed high efficiency polymer:fullerene, P3HT:NFA and P3HT:IDTBR:IDFBR devices at operating conditions (un-encapsulated, in air, AM1.5 radiation to illumination 100 mWcm -2 ) for an initial 90 h test (Figure 9c ). The P3HT:IDTBR:IDFBR device exhibited the best air photo-stability, retaining 85% of its initial performance after 90 h. Meanwhile, the high efficiency PCE10:PC70BM device performance dropped to 20% of its initial value. These results suggest that the addition of IDFBR to P3HT:IDTBR blend not only improves photovoltaic performance but also has a synergistic benefit to both storage lifetime and photo-stability, which demonstrates a significant advantage for practical applications in comparison to low band gap:fullerene solar cells.
It is generally accepted that the main conditions for economically viable electricity generation by thin film photovoltaics are high efficiency, low cost (represented here by ease of synthesis at the lab scale) and extended lifetime. Energy return on investment (EROI) 48 is a measure of the energy yield from the PV device relative to the energy invested in synthesis and manufacture. Drawing on published estimates of the embodied energy in polymer and molecule synthesis and device processing, 49,50 the efficiencies of different device designs and relative stabilities demonstrated here in Figure 5a , we estimate (see supporting information for EROI) that the embodied energy of a polymer encapsulated P3HT:NFA device is at least as low as that of a similarly encapsulated, higher efficiency polymer: PC70BM device, and that the EROI around a factor of 5 higher and is the highest of any material system studied. The advantage in EROI arises in large part from the higher stability of the P3HT:NFA device shown in Figure 5a , This suggests that a P3HT:NFA based technology will be the most cost effective of the technologies considered in production.
In conclusion, we report highly efficient P3HT (7.7± 0.1% %) and PCE10 (PBDTTT-EFT) (11.0± 0.4%) based BHJ ternary solar cells in an inverted architecture fabricated using two non-fullerene acceptors. By optimizing the second acceptor component in a P3HT ternary blend, we have created an optimal phase morphology wherein the vitrification of the crystalline IDTBR phase by IDFBR that leads to preservation of the three phase microstructure that is favourable for photocurrent generation. This optimal phase morphology yields a higher lying electron transport level (benefitting Voc), reduced bimolecular recombination and a preserved collection efficiency, resulting in a simultaneous improvement in Voc, Jsc and FF for P3HT:IDTBR:IDFBR devices. The PCE10 preliminary results also show that two NFA ternary approach can further boost the PCE of high efficiency potential polymers. This demonstration revives the use of P3HT in high performance OPV devices closing the gap between the efficiency, lifetime, energy efficiency and cost requirements needed in order to commercialize OPV.
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Methods

Materials:
All materials are purchased from Sigma Aldrich except 60PCBM from Solenne. PCE10 is supplied from CalOS Organic semiconductors.
Characterization:
1 H and 13 C NMR spectra were collected on a Bruker AV-400 spectrometer at 298 K and are reported in ppm relative to TMS. UV-Vis absorption spectra were recorded on a UV-1601 Shimadzu UV-Vis spectrometer. Differential Scanning Calorimetry (DSC) experiments were carried out with a Mettler Toledo DSC822 instrument at a heating rate of 5 °C/min under nitrogen. Samples were prepared by drop-casting the materials from CHCl3 solution directly into the DSC pan and allowing the solvent to evaporate under Ar. GIXD was done at beamline 7.3.3 Lawrence Berkeley National Lab (LBNL). The sample was secured inside a helium chamber, with O2 levels below 1%. The X-ray wavelength was 1.24 Å (10 keV), and the sample was irradiated at a fixed incident angle of 0.125 degrees. The scattering patterns were recorded using a Pilatus 2M detector at a fixed distance of 287.377mm. 2D data reduction were analyzed using Nika 2D software package and peak information was accessed by guassian fitting. Samples for GIWAXS were spin-coated on Si (100) substrates following the same spin-coating and annealing procedures as were used in fabricating solar cells.
In situ grazing incidence wide angle x-ray scattering measurements (GIWAXS):
In situ GIWAXS experiments were performed using a setup described in previous work 35, 36 at beam-line D1 at the Cornell High Energy Synchrotron Source, Wilson Lab, NY, USA. The scattering pattern during the spin coating process was recorded using a fast 2D detector (PILATUS 200 k from Dectris) with an exposure time of 0.18 seconds. The wavelength of incident X-ray beam was 1.1555 Å. The sample-to-detector-distance was set to 173.756 mm. The incident angle of the X-ray beam with respect to the sample plane was 0.17°.
Calibration of the lengths in the reciprocal space was done by using silver behenate.
In situ UV-Vis absorption measurements during spin-coating:
In situ UV-Vis absorption measurements were performed using a setup described previously. 37 An integration time of 0.2 s per absorption spectrum was used to collect the transmission measurements. The following equation [A λ = −log 10 (T)] was used to calculate the UV-vis absorption spectra from the transmission spectra, where A λ is the absorbance at a certain wavelength (λ) and T is the transmitted radiation.
OPV devices:
The photovoltaic performance of the binary and ternary blend solar cells was measured with a device architecture comprising of: indium tin oxide (ITO)/ zinc oxide (ZnO)/ active layer (85 ± 5 nm) /molybdenum oxide (MoO3)/Ag, where the active layer consists of either D:A1 or D:A1:A2. Glass substrates were used with pre-patterned indium tin oxide (ITO). These were cleaned by sonication in detergent, deionized water, acetone and isopropanol, followed by oxygen plasma treatment. ZnO layers were deposited by spin-coating a zinc acetate dihydrate precursor solution (60 μl monoethanolamine in 2 ml 2-methoxyethanol) followed by annealing at 150 °C for 10-15 min, giving layers of 30 nm. The active layers were deposited from 20 mg/mL solutions in chlorobenzene by spin-coating at 2000 rpm, followed by annealing at 130 °C for 10 min. Active layer thicknesses were ~90 nm (averaged over 10 devices) for both acceptor blends. MoO3 (10 nm) and Ag (100 nm) layers were deposited by evaporation through a shadow mask yielding active areas of 0.045 cm 2 in each device. For device optimization, the ratio of A2 is varied with respect to A1 such that the donor:acceptor (D:A) mass ratio is fixed at 1:1. All ternary devices were processed using chlorobenzene (CB) without further processing or solvent additives and active layers were pre-annealed in inert atmosphere at 130 °C for 10 min, which is required for P3HT crystallization. 9 Current density-voltage (J-V) characteristics were measured in both forward and backward directions (no difference observed) at room temperature, with 20 mA/s scan speed in air, using a Xenon lamp at AM1.5 solar illumination (Oriel Instruments) calibrated to a silicon reference cell with a Keithley 2400 source meter, correcting for spectral mismatch (active area 0.045 cm 2 using a mask). Efficiencies are reported averaging 12 photovoltaic devices.
Incident photon conversion efficiency (IPCE) was measured by a 100 W tungsten halogen lamp (Bentham IL1 with Bentham 605 stabilized current power supply) coupled to a monochromator with computer controlled stepper motor. The photon flux of light incident on the samples was calibrated using a UV enhanced silicon photodiode. A 590 nm long pass glass filter was inserted into the beam at illumination wavelengths longer than 580 nm to remove light from second order diffraction. Measurement duration for a given wavelength was sufficient to ensure the current had stabilized.
J-V measurements for storage and operational stability
The same inverted architecture solar cell devices used for J-V and EQE measurements were then taken to the storage and operational stability measurements. For storage stability, the inverted architecture devices were left in ambient cleanroom conditions (~20 °C, <40% humidity) in dark conditions between each measurement. Data is taken with intervals and solar cell devices were exposed to 100 mW/cm 2 illumination for light measurements. For operational stability measurement, devices were transferred to same ambient cleanroom conditions in order to expose them to air and then J-V measurements were performed under constant 100 mW/cm 2 illumination for 90h. 
TPV and CE measurements:
Space charge-limited current (SCLC):
SCLC measurements were performed on electron-only devices of the structure ITO/TiO2 TiO2 /P3HT:acceptor/Ca/Al. The current-voltage characteristics were fitted using a using a driftdiffusion solver. 
